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RESUME
L'aluminium est produit via Pélectrolyse et les anodes utilisées dans ce procédé sont
fabriquées du carbone. La basse consommation du carbone (anode) est importante pour
l'industrie de l'aluminium parce qu'elle affecte directement le coût de production aussi
bien que les émissions environnementales. La consommation des anodes est fortement
influencée par ses propriétés. Dans l'électrolyse d'aluminium, l'étude de la fabrication des
anodes et l'amélioration de la technique de sa production permettront l'économie en
énergie et la réduction des émissions gazeuses pour l'industrie d'aluminium.
Les réactivités à CO2 et à l'air et la perméabilité à l'air sont des indices importants
pour l'évaluation des anodes en carbone parce que non seulement elles sont liées à la
densité de ces dernières mais aussi à leur consommation, et cela permettra la détermination
des potentiels pour l'économie en énergie et la réduction des émissions de CO2 et de gaz
nocifs durant la production des anodes en carbone.
L'objectif global du projet est d'améliorer la qualité des anodes présentement
utilisées. Premièrement, une enquête du procédé à l'usine à été effectuée pour identifier les
parties problématiques. Des petits échantillons des anodes ont été préparés à partir des
matières premières disponibles à la province de Guizhou de la Chine. Des différentes
formulations des anodes ont été essayées. Parmi toutes les formulations, la meilleure a été
choisie en comparant leurs propriétés (la perméabilité à l'air, les réactivités à l'air et à
CO2). Les microstructures des cokes et des anodes et le comportement de la pénétration du
brai ont été analysés avec MEB. Les échantillons, préparés suivant des formulations pré-
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déterminées, ont été cuits dans un analyseur thermogravimétrique (TGA). L'analyse des
volatiles a aussi été effectuée en utilisant un cromotographe à gaz (GC) couplé avec le
TGA. A partir de ces données, les paramètres du model cinétique de la dévolatilisation,
développé antérieurement à l'UQAC, ont été déterminés. Les propriétés des anodes (les
réactivités à CO2 et à l'air et la perméabilité à l'air) cuites dans TGA aussi bien que celles
cuites à l'usine ont été mesurées. La qualité des anodes a été corrélée avec les propriétés




Aluminum is produced by electrolysis, and the anodes used for this process are made
of carbon. Low carbon (anode) consumption is important for the aluminum industry
because it directly affects the cost of production as well as environmental emissions. The
anode consumption is strongly influenced by the properties of anode. In aluminum
electrolysis, the study of carbon anode manufacturing and the improvement of its
production techniques lead to savings in energy and reduction in gaseous emissions for the
aluminum company.
The CO2 and air reactivities and air permeability are important indices to evaluate
carbon anodes because they relate not only to anode density but also to anode consumption,
which will help assess the potential for saving energy and reducing CO2 and hazardous gas
emissions of the carbon anode production process.
The global objective of the project is to improve the quality of the presently used
carbon anodes. First a plant process review was conducted to identify the problem areas.
Small anode samples were prepared from the raw materials available in the Guizhou
province of China. Different anode formulations were tried. The best one among them was
chosen based on the anode properties (air permeability, air and CO2 reactivities) obtained.
The microstructures of cokes and anodes and the pitch penetration behavior were analyzed
using SEM. The anode samples prepared with pre-determined formulation were baked in a
thermogravimetric analyzer (TGA). The volatile analysis was carried out using a gas
chromatograph (GC) coupled with the TGA. From these data, the parameters of the kinetic
IV
model of the devolatilization developed previously at UQAC were determined. The
properties of anodes (CO2 reactivity, air reactivity, and air permeability) baked in the TGA
were also measured. Anode quality (properties) was correlated with the properties of raw
materials as well as paste preparation and anode baking conditions.
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Co: Initial concentration of gas (kgmole/m3)
Eii Activation energy for gas i (J/mol)
h: Heating rate (K/s)
ki: Rate constant for gas i (s"1 -concentration1"11)
kio: Pre-exponential factor for gas i (s"1 -concentration1"11)
kio,aPP: Apparent pre-exponential factor for gas i (s"1)
M: Molecular weight (kg mole/kg)
n: Reaction order
PPMA: ppm per unit area
R: Universal gas constant (8.314 J/mol K)
R2: Correlation coefficient
t: Time (s)
T: Absolute temperature of sample (K)
Xii Conversion of gas i
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Aluminium is produced by electrolysis, and the anodes used for this process are made
of carbon. Low carbon (anode) consumption is very important for the aluminum industry
which directly affects the cost of production as well as the environmental emissions. The
anode consumption is strongly influenced by the properties of anode. In aluminum
electrolysis, the study of carbon anode manufacturing and the improvement of its
production techniques lead to savings in energy and reduction in gaseous emissions for the
aluminum company[1"2].
The role of this international collaboration project is to pioneer the establishment of a
research partnership between UQAC, GNU (Guizhou Normal University), and CHALCO
(China Aluminum Corporation) in the aluminum technical development field. In addition,
this project also aims to create a successful collaboration model called "2+1 partnership":
one Canadian university + one Chinese university + one enterprise. In this model, all of the
three parties use their expertise to turn the research, development, and manufacturing trinity
into a successful reality. This partnership model has already been approved by the Guizhou
province government.
1.2 Statement of the Problem
In China, the low carbon consumption economy is a policy to improve the sustainable
development. With new economy stimulus plan, states' governments seek to accelerate
economic restructuring and desire to make substantial progress in transforming the
economy from the extensive system to the technology-focused system. Therefore, all the
aluminum companies give importance to energy saving, the reduction of carbon dioxide
and other harmful gases during the production process as well as cost reduction, which are
clearly linked to the improvement of anode quality. However, Chinese carbon plants have
to deal with the raw material deterioration and multiple sources of petroleum coke
acquisition at the same time. In addition to the transition from extensive production to
technology-focused production, some problems such as equipment aging, high energy
consumption, and high operation costs always accompany the technology upgrade of
Chinese carbon plants.
The challenge for carbon plants is to produce a consistently high quality product
regardless of changes in the actual circumstances and to cope with such variability [3"4].
During the industrial carbon anode manufacturing processes, raw materials play an
important role in determining the final product (anode) properties, and the aluminum
industry has to deal with the declining quality of the available petroleum coke around the
world. Thus, today more and more industries, internally or through collaborative research
projects with universities, seek ways to at least maintain the quality of anodes at the current
level even under variable raw material conditions.
During the industrial carbon anode manufacturing process, baking step plays an
important role in determining the final product (anode) properties. Higher baking
temperatures require higher energy consumption. In Chalco Guizhou branch, anodes are
baked in the open-type horizontal baking furnace. Such furnaces are very large and
necessitate significant fuel consumption. Anodes are placed in pits, stacked in layers from
bottom to top, and are surrounded by packing coke. The hot gas in the horizontal flues,
heated by heavy oil as well as the combustion of volatiles released during baking, provide
the energy for baking. The consumption of fuel is in the order of more than three million
Canadian dollars each year. As the world crude oil prices increase, the cost of production
keeps rising^.
In recent years, companies found ways to lower fuel consumption. Better use of the
heat content of the binder pitch volatiles is one of the best options for Chalco plant.
Theoretically, based on the energy requirement for anode baking, the heat the pitch volatile
combustion could provide is more than the amount of heat needed to bake the anodes.
Within the flue gas temperature range 200°C to 800°C, anode temperature is increased to
around 500°C. Between the temperatures 300°C and 600°C, pitch volatiles, mainly the
condensable gas (tar) and non-condensable gases (H2 and CH4) are released from the
anodes. Then, the volatiles are drawn, under the negative pressure, into the flue in order to
provide the energy for anode baking where the temperature of flue is high enough to burn
them almost completely. This way, a certain amount of energy could be saved; in the mean
time, the quality of products could be maintained by the high temperature level [6"8].
1.3 Scope
For optimizing the anode properties (air permeability, air reactivity, and CO2
reactivity), first, it was necessary to know the industrial anode production process and its
operating system. This would facilitate the assesment of the steps which need improvement
and to focus the work along with the results of this assessment. The results of the sampling
and testing of the raw materials (coke and pitch), dry aggregate and recycled butt indicated
which parts of the process needed attention. The anode quality optimization was based on a
large number of single-factor experiments in order to adjust the specific production
processes at the laboratory scale. The different production formulations, conditions, and
parameters were tested repeatedly. Depending on the results of the series of anode
formulation experiments, the anode recipe which yield the best anode quality was used in
the second part. The correlation between the baking conditions and anode properties were
studied in order to find the baking conditions which will improve anode properties further.
Also, experimental results helped identify the anode baking conditions that would lead to
energy saving during baking via the volatile release characterisation. Finally, the technical
results and findings were implemented in the plant operation after the necessary
technology transfer.
Anode quality is affected by the anode recipe and the anode baking conditions. The
studies are very important on the both categories. In this study, a scanning electron
microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) were used in order to
optimize the anode recipe. Then, the most costly anode manufacture process - anode
baking were discussed after the anode formulation part in this dissertation. The CO2 and air
reactivities and air permeability were measured to evaluate carbon anodes in this research
because not only they relate to anode density but also to anode consumption. This helped
assess the potential for saving energy and reducing CO2 and hazardous gas emissions of the
carbon production process.
Upon correlation with the results of anode formulation tests, the sample which has
the best properties was chosen to simulate the baking process in the laboratory, and the gas
produced (tar, H2 and CH4) was analyzed. Their amounts were also calculated not only to
be able to find the conditions to improve the quality, but also to determine the possibility of
using the condensable (tar) and non-condensable gases (H2 and CH4) to reduce the energy
consumption and to improve the furnace efficiency.
1.4 Objectives
The global objective of the project is to improve the quality of the presently used
carbon anodes. The raw materials used during anode preparation were analyzed by taking
the local conditions into account in order to optimize the anode formulation. The relation
between anode recipes and the anode properties such as CO2 reactivity, air reactivity, and
air permeability were studied. The specific objectives are:
1. Test the properties of anode such as CO2 reactivity, air reactivity, and air
permeability for different paste formulations and anode baking conditions.
2. Correlate the effect of anode preparation conditions and anode baking conditions
with anode reactivity.
3. Analyse the kinetics of devolatilisation of condensable and noncondensable gas
for each anode baking condition.
4. Transfer the findings to the plant for industrial application.
Chapter 2
Literature review ,
2.1 Anode Manufacture Process
During pre-baked anode manufacturing process, normally there are four basic steps:
Raw material handling;
Dry aggregate preparation;
Preheating, mixing, and paste cooling;
Forming and anode cooling.
The calcined coke and recycled butts are crushed, screened, and sized to prepare the
required size distribution and are mixed to form a dry aggregate. This aggregate is then
preheated to between 110°C and 165°C and mixed with around 15 wt% pitch at a
temperature between 150°C and 230°C. This process is called the 'anode paste preparation'
and the result is the 'anode paste', which is then formed into an anode block either by
pressing or vibratory compaction. Then, the 'green anode' is cooled and stored for
baking[10]. After baking, the pre-baked anode is ready to be used in the electrolysis cell. A
process flow sheet of Chalco plant is shown in Figure 2.1[11].
Green Coke Calcination Recycled Butts Pitch Preheating
Calcined Coke Recycled Butts Binder Pitch
crush, screen & size




Figure 2.1 The pre-baked anode manufacturing process flow diagram of Chalco plant
2.2 Raw Materials
Carbon anodes are manufactured from three raw materials; petroleum coke, pitch, and
recycled materials (butts, baked and green scrap). Coke and pitch are required in large
quantities. These are stored and mostly prepared separately[12].
Petroleum coke
The properties of incoming coke depend on the material source. Coke quality is
defined as the combination of chemical and physical properties that influence the
9performance of anodes manufactured from it. Typical coke characteristics are shown in the
Table 2.1[10] and Table 2.2 [11].



















































































































Comparing the green coke properties of a worldwide typical coke (Table 2.1) and
those of Chalco Qinhai branch's coke (Table 2.2) revealed that CO2 reactivity and air
reactivity measurements were not carried out in Qinhai branch.
Calcination:
Calcination is a thermal process in which green petroleum coke is heat-treated to
1200°C -1250°C. During calcination, moisture and volatile matter (such as hydrogen,
methane, and tar) are removed. If not removed, these components might lead to cracking of
anodes during the baking process due to shrinkage and coke devolatilisation. Cokes with
significantly different volatile contents (quality and quantity), microstructure and/or
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impurity levels must be calcined differently to obtain the optimal coke quality1^. Coke
undergoes structural changes during calcination, which improve properties such as
crystalline size and real density[5]. Calcining is important to[12]:
1. achieve sufficient grain strength for handling;
2. minimise grain shrinkage;
3. ensure that the pore structure is accessible to binder pitch.
The most important calcining parameters for the petroleum coke quality are
temperature, throughput, and residence time[13"14]. The final calcination temperature and
residence time together determine the final real density of the calcined coke. The heating
rate during calcination influences porosity as increased rates result in more rapid volatile
evolution [15-17].
Pitch:
Pitch used for anode manufacturing is made from the distillation of high temperature
coal tar petroleum that is a residue of petroleum refining industries [18]. Many researchers
determined that the binder-matrix (mixture of dust and pitch) would be oxidized at first by
air or CO2 reaction. This is called selective oxidation[19]. Hence, optimizing the pitch
content is important for pre-baked anode manufacturing[20"21]. Typical properties of pitch
are shown in the Table 2.3[10] and Table 2.4[11].
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Green and baked scrap is fed back into dry aggregates. Green scrap is generated from
start-up/shutdown operations or changing process conditions within the plant. Green scrap
is included in the anode recipe in quantities of up to 5%. Baked scrap such as rejected
baked anodes is also often included in the recipe in small quantities and is processed with
the butt component. Both green and baked scrap is usually stored in flat pots or bins[22"25].
Butts:
The butts are cleaned up from adhering impurities (bath material) and are then
crushed, screened, sized, and mixed with the dry aggregate for use in anode production.
The formulation for the new anode can contain up to around 30% of crushed butts. The
quality of the butts can influence the quality of the anodes. The butts contain catalytic bath
material hence adversely affect the reactivity of the new anodest26~29].
2.3 Anode Baking Process
Anode baking process consist of four different parts: preheating, heating, forced
cooling and natural cooling. Figure 2.2 shows the overview of Chalco's anode baking
process[30-33].
Preheating
In the first 3 section of Figure 2.2, the flue gas temperature which varies from 200°C
to 900°C increases the anode temperature from ambient temperature to around 550°C.
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Between 200°C and 600°C, pitch volatiles start to evolve from the anode. These volatiles
are drawn under the negative pressure into the flue (through the refractory wall openings)
where the temperature is high enough to burn them.
Heating
In the next 3 sections, typically the gas temperature is raised up to around 1150°C by
the combustion of fuel. Using the gas injectors which are installed on the burner ramps, the
fuel can be injected into the flue. In this part, the anode temperature reaches a target
temperature from the preheating temperature of around 550°C to the final temperature
1050°C in the Chalco plant. There is also a soaking period. During preheating and heating,
the mechanical, physical, and chemical characteristics within the anode vary. The baked
anode properties are affected significantly by the baking conditions.
Forced and Natural Cooling
In the next zone (3 sections after the heating section), a cooling fan seeks to provide
enough oxygen for combustion in both the preheating and heating zones. And also the air
has been preheated by the heat recovery from the refractory and anodes. Following these
three sections, a cooling zone without heat recovery further lowers the temperature of
anodes and the packing coke.
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Exhaust manifold Measuring ramp Burner ramp Cooling fan
n air
w w
Preheating zone Heating zone Cooling zone
Figure 2.2 The baking process overview
During the baking process, the preheating zone is where the burning of the pitch
volatiles takes place. Thus, utilizing the right timing of ignition temperature and the
required oxygen content to maximize volatile combustion in the baking furnace became a
popular research field in the recent years[34].
2.4 Anode baking optimization
The main baking conditions which relate to anode quality are anode heating rate,
maximum baking temperature and soaking time[35"37].
The heating rate is related to anode flexural strength and electrical resistivity. If
anodes are heated up too fast, it will cause those anodes to crack. The micro-cracks may
start inside the anode gradually during the baking process, and then series of cracks
forming from the internal part of the anode to the surface might yield the splitting of anode.
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The maximum baking temperature affects the CO2 reactivity, air reactivity and
thermal conductivity. Higher maximum temperatures decrease CO2 reactivity, air reactivity
and increase thermal conductivity. In most cases, excessive thermal conductivity might
cause air burn at the anode top. Thus, the control of maximum baking temperature is
important for the optimization of the anode quality and the prevention of anode overbaking.
Soaking process is the last step of anode heat treatment. The major target of soaking
is to heat the anodes which are placed at the different positions evenly. The longer soaking
times result in better uniformity of anode properties.
2.5 Pitch volatiles
Typically, in the carbon plant, the temperature of anode baking is always less than the
temperature of coke calcination. The volatiles released from the anodes during the baking
process come from the pitch, thus called pitch volatiles. There are two parts of pitch
volatiles, non-condensable gas and condensable gas. Three main components of these gases
are hydrogen and methane, which represent the non-condensable part, and tar, which
represents the condensable part. Tar also includes polycyclic aromatic hydrocarbons (PAH).
PAHs with six or less combined aromatic rings are known as 'small PAHs', and those
containing more than six aromatic rings are called 'large PAHs'. The PAHs of pitch
volatiles are mainly of 'small5 PAHs type. [38"39]. The composition of the tar component was
not analyzed in this study.
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According to the energy balance, the heat the pitch combustion could produce
actually is more than that needed for anode baking energy consumption. In other word,
increasing the pitch volatiles combustion not only reduces the costly fuel consumption





In this project, first an investigation has been carried out on raw materials in order to
optimize the anode recipe. This part involves a review of production process in order to
determine the problem points in the plant followed by the anode production with different
particle size distributions. The relationship between the anode formulations and anode
properties (permeability, air reactivity, and CO2 reactivity) were studied. This part was
carried out at the Chalco plant in Guizhou, China. Then, a study on kinetics of anode
baking is carried out at UQAC. In this part, the anode formulation that yielded the best
properties in the previous part was chosen to simulate the baking process in the laboratory.
The devolatilisation (tar, H2, and CH4) kinetics were investigated. Again, the anode
properties were measured after baking the anodes under different conditions. This serves to
determine the conditions that lead not only to improved anode quality but also more
efficient utilisation of released volatiles to reduce the energy consumption. A schematic
diagram of the experimental plan is shown in Figure 3.1. Via repeated trials following the
experimental procedure, different production formulations, conditions, and parameters were
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Figure 3.1 A schematic diagram of the experimental plan
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3.2 Experimental Set-up
3.2.1 Equipment for anode preparation in laboratory:
Bench Scale Unit for Green Anode Preparation (Fig. 3.2,)
The bench scale unit (R&D Carbon RDC 161) for green anode preparation consists of
a kneader and a press. Anode formulation studies require the adaptation of the pitch level as
well as the adjustment of the particle size distribution, which necessitate a large number of
tests'-42"431. Table 3.1 shows the specifications of this unit.






3 x 380 V, 50/60 Hz
130x110x213 cm
1100 kg
Anode Baking Furnace (Fig. 3.3)
The R&D Carbon RDC-166 anode baking furnace was used for the baking of the
green anodes. The furnace simulates the industrial process. The green anodes are placed in
the furnace and surrounded by packing coke. These trials serve to maintain the quality raw
material selection and to ensure the quality control of pre-baked anodes^4"451. Table 3.2
gives the specifications of anode baking furnace.
21






3 x 3S0 V. 50/60 Hz
120 x 80 x 179 cm
300 kg
Figure 3.2 Green anode preparation Figure 3.3 Anode baking furnace
3.2.2 Equipment for anode property measurement
Reactivity of Anodes (Fig. 3.4)
Carbon reacts with carbon dioxide according to the endothermic reaction:
CO2 + C = 2CO (3.1)
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This reaction always takes place in the electrolysis cell. In aluminum production
where electrolytic cells operate at 950-960°C (1745-1760°F), carbon dioxide, generated at
the anode interface by electrochemical oxidation, can attack the carbon anode via this
reaction. The total weight loss which is equal to the difference between the original sample
weight and final weight after reacting with CO2 is the CO2 reactivity percentage (%)
residue^46"47-1. Table 3.3 shows the standard used and the specifications of the equipment.









Furnace Temperature (during test)
Vapours Emitted






2Lx380 V / 3x380 V - 50/60 Hz
CO2 ; adjusted to 2 bar on manometer
Tube: External Diameter 6 mm, Internal Diameter 4 mm, must
withstand 10 bar
200 1/h, min. 3 bar
CO2 better than 99,5%
Appr. 2 hours from room temperature to 960 Deg C
960 °C
CO (Carbon Monoxide)





Air Reactivity of anode (Fig. 3.5)
During aluminum electrolysis, the air-burn causes the anode consumption and
increases the temperature of the upper surface. Following two reactions are possible since
the anode upper surface temperature is generally between 550°C and 650°C:
C + O2 = CO2 (3.2)
(3.3)
The air reactivity can be measured by using the R&D Carbon RDC 151 apparatus.
After the reactivity tests, the samples are cooled from 550°C to 400°C with cooling rate of
15°C /h. After cooling and weighing, the samples are mechanically tumbled with steel balls
in a separate piece of equipment (R&D Carbon RDC-181, tumbling apparatus) to remove
any loosely-bound particles. The total weight loss equals the difference between the
original and final sample weight and is presented as the air reactivity percentage (%)
residue1-48"49 .^ Table 3.4 shows the standard used and the specifications of the equipment.
Air Permeability (Fig. 3.6)
The gas permeability of the material has a great influence on both CO2 and air
reactivities. A high permeability leads to increased reactivity since CO2 or air can penetrate
into the anode which increases the anode consumption even further. The gas permeability
of anodes were measured using the R&D Carbon RDC-145 apparatus. The permeability is
determined by measuring the time that a gas needs to pass through a sample in order to
refill a partly evacuated system. The sample has a disc shape with a diameter of 50 mm and
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a length of 20 mm [50"51]. Table 3.5 shows the standard used and the specifications of the
equipment.
Figure 3.4 CO2 reactivity of anodes Figure 3.5 Air reactivity of anodes









Table 3.4 The conditions of air reactivity test
12988-2
L lkW/3 .3kW
2 L x 380V / 3 x 380 V - 50/60 Hz
Air ; set to 2 bar on manometer
200 1/h min. 4 bar
Air, N2 : 78%, O2 : 21%, Ar : 1%, H2O < 150 mg / Nm3, free of
oil
CO2
Test Time (excl. sample preparation) 11.5 h for 1 sample
Number of Samples/Test two
Sample Length 60 mm
Sample Diameter 50 mm




Air Pressure Setting (1)













3.2.2 Equipment for Devolatilisation Kinetics Measurement :
Thermogravimetric Analyser (TGA) Coupled with Gas Chromatograph (GC)
Figures 3.7 to 3.11 show different parts of the system, and Figure 3.12 shows the
flow diagram.
Thermogravimetric Analyser (TGA)
The sample was tied by metal wires and then suspended from a balance for measuring the
weight loss of anode sample during baking. The nitrogen gas was used as the carrier gas
and protection gas for both TGA and gas chromatograph. The carrier gas nitrogen enters
the furnace from the bottom. Rotameters R23 and R13 control the gas fiowrate. The carrier
gas flowrate is not only important for the success of anode baking test but also important
for the calculation of the amount of each volatile. During baking, part of the gas with a
known flowrate was suctioned for analysis with GC. Both the main outlet gas and GC
sampling gas was passed through a cold trap in order to separate the tar. In the cold trap,
cold water with a temperature less than 4°C was recirculated. This prevents the blockage of
the connection tubes and rotameters, thus, protects both TGA and GC system efficiently
and make this system work well.
It can be seen from the figure 3.12 that the gases for analysis (red line) pass through the
condensable tank, glass wool filter and the rotameters Rl, R2 and R3. An automatic
controller ensures the injection of gas for analysis. At that time, the valve Q3 closes, then
Ql and Q2 open automatically and the sampling gas trapped in the injection coil flows in to
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the column. After GC injection, Ql and Q3 close, Q2 opens, the gas goes out directly due
to suction. The rest of the outlet gas is pumped out by Pump 1A and Pump IB continuously.
Figure 3.7 Coupled TGA-GC analyzer
Figure 3.8 TGA controller Figure 3.9 Cold trap




Gas flow to GC:






Figure 3.12 A schematic flow diagram for TGA and GC
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Gas Chromato graph (GC)
The nitrogen gas was used as the carrier gas for the GC (Varian 3800) analysis.
Compressed air was used for the injection valve operation. A known volume of sample gas
was stored in the injection cycle and injected into the column with the help of this valve.
An injector type 1061 was used. The column was packed with 13X molecular sieve. This
type of column can separate hydrogen and methane well. After the injection, the column
adsorbs all the gases, and desorbs each gas separately. GC was equipped with thermal
conductivity detector. The thermal conductivities of the sample gas mixture were compared
with that of the carrier gas which was flowing on the reference side of the detector. The
Wheatstone bridge arrangement was used for the TCD measurements[51"53]. Through the
calibration of thermal conductivity vs. the gas concentration for each gas, their
concentrations were determined from the areas of the desorption peaks. Table 3.6 shows the
details of GC conditions for the gases analysis.
An example of hydrogen and methane peaks obtained during the experiments is
displayed in Figure 3.13. This figure shows that H2 and CH4 peaks were separated quite
well during the gas chromatograph test. The peak of methane always appeared after that of
hydrogen.
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Table 3.6 The GC analysis conditions for hydrogen and methane
Gas Chromatography : Varian 3800
Detector : TCD



















Figure 3.13 An example of H2 and CH4 peaks obtained during a GC test
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Figure 3.14 and Figure 3.15 show the calibration curves of hydrogen and methane.
They both gave high correlation factors (R2).
y = 0,0042x
R2 = 0,9948
200 400 600 800
Hydrogen concentration, ppm
1000 1200
















0,004x ^ S ^
0,9914 ^ y ^
1 l 1 1
200 400 600 800 1000 1200
Methane concentration, ppm
Figure 3.15 The calibration curve of methane
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3.3 Methodology
3.3.1 Characterization and analysis of raw material
The raw materials used in anode production were tested for the trace elements content
using Chinese Nonferrous Metals Industry Testing Standards YS/T 587[30]. These raw
materials were analyzed using SEM-EDS. Samples were treated and polished using ASTM
D 2797[32].
3.3.2 Anode formulation experiments
The anode formulation experiments were separated into two groups. The small
particle group for which the maximum particle size was less than 12mm was marked group
A. The big particle group which had the particle sizes larger than 12mm was marked group
B. In each group, different recipes were tested to determine the effect of each size fraction.
Finally, a recipe which resulted in best anode properties (air reactivity, CO2 reactivity, and
air permeability)[32] among those tested was chosen for further analysis.
3.3.3 Thermogravimetric experiments and volatiles analysis
Small anode samples were prepared based on the best recipe obtained from the anode
formulation experiment with the raw materials available in the Guizhou province of China
using the same procedure followed by the industry. These anodes were baked in a
thermogravimetric analyzer. The effects of the following baking parameters on the anode






Anode quality (properties) were also correlated with anode preparation conditions.
Gas devolatilisation analysis was carried out. Kinetic parameters were determined for
differen baking conditions.
3.4 Model for devolatilization kinetics
During the baking of green anodes, tar, CH4, and H2 are produced due to the cracking
of pitch volatiles. The kinetics of formation of tar, CH4, and H2 can be determined using the
thermogravimetric analysis coupled with the gas chromatography. In this work, the kinetic
parameters were calculated using the model developed by Kocaefe et alJ16] assuming that
H2, CH4, and tar form. It was assumed that devolatilisation of each component follows nth
order rate equation of the form:
(3.4)^ k,cr^x,y
at
Xii conversion of component i (i denotes H2, CH4 or tar)
n : order of reaction
ki: rate constant for gas i (s"1 concentration1"11)
It is further assumed that the rate of devolatilization is dependent on the temperature
and follows the Arhenius law.
Thus k can be expressed as:
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(3.5)
ki0: Pre-exponential factor for gas i (s1 concentration1"11)
E: activation energy [J/mol]
R: gas constant [8.314 J/mol K]
T: Temperature [K]
In this work, the activation energy, rate constant, and the order of the reaction for all
the formation reactions were determined by the differential method.
3.4.1 Determination of kinetic parameters
Here the basis of calculation for the determination of kinetic parameters for the
formation of H2, CH4, and tar is described. As there is no gas chromatography data
available for tar, the instantaneous weight loss due to this component was found from the
difference between the instantaneous total weight loss and the instantaneous weight loss
due to H2, CH4 calculated using the GC data. After the calculation of the instantaneous rate
of tar, the method of calculation of its kinetic constants is the same as those of H2 and CH4.
Below, the general method for the calculation of kinetic parametrs is explained.
Using the chain rule given below (Equation 3.6),
dt \ d T ) \ d t ) \ d T ) ( 3 ' 6 )
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combining the Equations 3.4, 3.5 and 3.6, defining the heating rate (h=dT/dt), and taking





where apparent pre-exponential factor is defined as
kiO,aPP=kioCtX) (3-8)
The following Figure 3.16 gives an example of tar kinetic parameters determination
by plotting In (dXi/dT / (1-Xj) n) vs. 1/T (see Equation 3.7). The best line is determined.
Data were plotted using different n values and the one that gives the best linear relationship
(best R2, correlation coefficient) was taken as the solution.
X
_ l/T
Figure 3.16 Example for the detirmination of the tar kinetic parameters
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3.4.2 Determination of conversion (X) for each gas component
A part of the outlet gas was withdrawn for analysis. Then, its methane and hydrogen
content was analysed using a gas chromatograph equipped with a thermal conductivity
detector. The detector response was calibrated for methane, hydrogen, and oxygen using
calibration gases of known concentrations. Data on oxygen was used to detect if there was
any air leak on the line and correct the gas concentration if necessary.
1. Calibration: The objective of calibration of gas chromatograph response is to find the
relationship between the peak area and its corresponding concentration of a given gas
component. The area under the peak obtained was measured with the software of the gas
chromatograph. Thus, dividing the known value of concentration (ppm) by the area
obtained using GC, the concentration as- 'ppm per unit area (PPMA)' for the particular
component can be calculated. Using different concentrations, the calibration curve was
prepared to use later on in the TGA-GC measurements.
2. Calculation of concentration of a component:
The concentration of the component in ppm is equal to area of peak obtained by GC
multiplied by PPMA for the component. However, the gas in the TGA always contains
some air, i.e., air slightly dilutes the concentration of the component so the calculated ppm
of the component is always less than the exact ppm on air-free basis. That is why the
dilution ratio has to be determined and the correction has to be made.
3. Calculation of the instantaneous mass flowrate of the component:
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By definition of ppm,
Y ppm of a gas = mole of the gas /106 mole of total (3.9)
For an ideal gas, 1 mole of the gas occupies a volume of 22400 ml.
The instantaneous mass flow rate of gas in g/min =
Y*M*(total flowrate in ml/min)/106*22400 (3.10)
where M is the molecular weight of the gas.
4. Instantaneous rate of total weight loss in g/min:
To determine the instantaneous rate of total weight loss in g/min, the weight loss vs. time
curve is differentiated numerically. The slope of the curve at each time gives the
instantaneous total weight loss in g/min.
5. Presentation of the instantaneous total weight loss per 100 g of anode sample:
As all the calculations are dependent on the weight of the sample, the calculation has to be
made independent of the initial weight of the sample. Therefore, the data is represented on
the basis of 100 g of sample. Thus, the instantaneous amount of gas in g/min per 100 g of
sample is expressed as:
Instantaneous total weight loss of gas (g/100g of sample) =
(Instantaneous total weight loss, g/min) * (100/initial weight of sample, g) (3.11)
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6. The instantaneous methane and hydrogen release data are already available from the GC
analysis. The difference between the total and the sum of hydrogen and methane gives the
instantaneous tar release data.
7. Calculation of cumulative data per 100 g of anode sample:
The integration of the curve representing the instantaneous amount of gas component vs.
time (the area under the curve) gives the cumulative data for all three components.
8. Calculation of conversion for the component:
The conversion is calculated by dividing the cumulative weight loss of a gas component at
a particular time by total amount of weight loss for that component.
Thus the conversion for a species at a particular time is given by:




Characterization and analysis of raw material
4.1 Introduction
For optimizing the anode properties (air permeability, air reactivity, and CO2
reactivity), first it was necessary to do an investigation in the Chalco plant in order to
understand their anode production process and their operation. This was necessary for
assessing the key points that could be improved as soon as possible and aligning the
research project along with the results of this assessment. The results of the sampling and
testing of the raw materials (pitch, dry aggregate which consists of coke, recycled butt and
anodes) indicate which parts of the process need attention and help better focus the work.
The anode quality optimization was based on a large number of single-factor as well as
orthogonal experiments in order to adjust the specific production processes at the
laboratory scale. The different production formulations, conditions, and parameters were
tested repeatedly. Finally, the results of this project was implemented in the plant operation
after the necessary technology transfer.
In this chapter, a review of the anode production process, from the raw material
storage yard, raw material transportation lines, calcination kilns, calcined coke cooling
kilns, the green mill to the forming system was carried out. Each part had been visited,
pictures and samples were taken in order to determine which part needs the most attention.
The results are summarized in the following section.
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4.2 Results
4.2.1 Investigation of green anode manufacting process
The coke is transported to the plant by train. At first, it is piled in the outside yard,
waiting to be transported by trucks and scrapers into the storage. Then, it is passed through
a crush line called a "pre-crush" process to adjust the coke particle size before the raw
material is fed into the calcination kilns, (see Figures 4.1 to 4.4).
Figure 4.1 Coke pile in the outside yard Figure 4.2 Coke transportation
Figure 4.3 The "pre-crush" unit Figure 4.4 Coke conveyor and feeding hole
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After the *'pre-crush" process, the "pre-crushed" coke is moved into the calcination
kilns by a conveyor.
Calcination
During the calcinations process, the green coke is calcined in large kilns up to 1200°C
with the gas temperature around 1500°C. In the plant, the kiln is divided into three parts for
the control of the calcination temperature. The part which is connected to the feeding bin is
called the "tail", the temperature of this part is the lowest. The middle of the kiln is called
the "body" at the highest temperature. The exit of the kiln is called the "head" at the
medium temperature. Thus, the calcination takes place mainly in the "body" section.
Afterwards, the calcined coke is fed into a cooling kiln to lower the temperature of the coke
(see Figures 4.5 and 4.6).
Figure 4.5 Calcination kiln Figure 4.6 Cooling kiln
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Green Mill and Forming
Before mixing and forming, all the raw materials are crushed, screened, and sized
according to predetermined size distribution and added together to form a dry aggregate.
This aggregate is then preheated to around 165°C and mixed with 15 wt% liquid pitch that
is preheated to a temperature between 150°C and 180°C. Then, the anode paste is formed
into a green anode block by the vibratory compaction (Figure 4.7).
Figure 4.7 Vibratory compaction unit
Recycled Anode Clean-Up
The butts which are fed as part of dry aggregate are cleaned by removing the adhering
impurities (bath material, see Figures 4.8 and 4.9) and are then crushed, screened, sized to
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Figure 4.8 Recycled anode butts Figure 4.9 Automatic shoot penning equipment
for butts clean-up
In the new anode recipe, a recycled anode can be between 20% to 25%. The quality
of the butts can influence the quality of anodes. The butts contain catalytic bath material
hence adversely affecting the anode reactivity.
After visiting all the production units, the experiments were started in the laboratory.
There were a number of findings which pointed out some of the challenges in the
production process during the review; and these are summarized in the following part.
4.2.2 Preliminary Experiments:
At first, all the samples which were taken from different parts of the anode
production process were tested and analyzed for trace elements using SEM methods.
Trace Elements Testing
The trace element testing method is based on YS/T 587- Chinese Nonferrous Metals
Industry Testing Standards. Tables 4.1 to 4.3 summarize the results.
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Among the results, especially four elements reflect the raw materials9 characteristics
used by Chalco. The vanadium content is normal, but the Fe, Ca, Si, and Na contents are
too high and they affect seriously the properties of the anode reactivity. The SEM analysis
was carried out to investigate the morphology of the metal impurities. The results of SEM
analysis is presented below.
SEM Analysis
The samples of calcinated cokes, anode paste, baked anodes, and recycled anodes
were treated and polished using ASTM standard D 2797. The findings of SEM and EDS
analysis are explained below.
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Figure 4.10 Image of anode paste
The Figure 4.10 shows the wetting and penetration behavior of the binder-matrix
(mixture of dust and pitch). At optimum conditions, the pitch/fines binder matrix
penetrates the fissures and pores of the coarse petroleum coke particles and thinly coats
these particles154"551.
SEM-EDS image showed the presence of La and Ce. Figures 4.11 to 4.18 show
these elements in different materials. Arrows shown on SEM micrographs of the figures
below points to the positions of these rare earth elements, La and Ce, which were found
in the calcined coke A, recycled butt A, and anode A. Anode A has coke particle sizes
less than 12mm as explained in Chapter 3 whereas Anode B contains larger coke
particles.
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Figure 4.11. SEM images of
coke A
Figure 4.13.SEM images of
carbone anode A
Figure 4.15. SEM images of
carbone anode A
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Figure 4.16. EDS patterns of the Ce element in
carbon anode A
48
Figure 4.17.SEM images of
recycled butt A
Figure 4.18. EDS patterns of the La element
in recycled butt A
Figures 4.12, 4.14, 4.16, 4.18 show the difference in La and Ce quantities present in
raw materials and anodes. Figure 4.11 illustrates that calcined coke containing La has a
rough surface with pores and cracks. The structure of La particles is granular. Figures 4.14
and 4.16 show the presence of La and Ce in the anode samples. Both of elements seem to
be flat and stuck on the surface of the sample. Figure 4.18 shows the presence of La in the
recycled butt. The structure of La particle is flat and stuck on the surface of recycled butt,
similar to the anode sample. Figures 4.11, 4.13, 4.15, 4.17 show the distribution of the
elements at the point where arrows are pointed. As it can be seen from these figures, the La
and Ce coexist with the Al, Na and Si. From the analysis, it can be said that the rare earth
elements might exist in the green coke as well as in anode butts. During the anode
manufacturing process, these elements are mixed into the anode paste.
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Figure 4.19 Image of calcined coke
Figure 4.19 show that there are large amounts of pores inside the calcined coke due to
release of volatiles during calcination. The analysis showed that these types of cokes are
found in the anode paste. They may increase the porosity and air permeability of anode.
Thus, the small particle size distribution anode (Anode A) was tested in the anode
formulation experiments to increase the contact area of coke and pitch[56] and to decrease
the anode porosity.
4.3 Discussion of results
Three key results found at the end of the first series of experiments are as follows:
1. The impurities Fe, Ca, Si, Na are mainly trace elements in raw materials, intermediates
and baked anodes, and these elements can greatly affect the anode reactivity. Thus, it
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was suggested to the plant that these four elements are traced and controlled in the
future production. However, the following question remains: how to decrease the
contamination of raw materials and anodes during the production process? This
problem will be addressed in the conclusions part.
2. The formulation of the anode paste was tested and adjusted and presented in the next
chapter. The attention was given especially to the adjustment of the recycled anode
content in the recipe because most of Na and Fe come from the recycled anode during
the paste preparation.
3. The rare earth elements La and Ce were discovered in the raw materials, baked anodes,
and recycled anodes. These elements will be continued to be followed. However, the
effects of these trace elements are not within the scope of this work. They will be
subj ect of a future proj ect.
4.4 Summary
The investigation on the production units and the first series of experiments have
helped greatly focus the work. Some solutions have been suggested to the plant to improve
their operation and manufacturing process.
1. Determining the trace elements (Fe, Ca, Si, Na) is a key control variable and their
content should be used as an indication of the contamination during the entire
manufacture process.
2. Control of the impurities mixed in the production process:
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a) The inner lining of the calcinations kilns should be replaced regularly because the
lining material can increase the Ca and Si of calcined coke (see Figure 4.20).
Figure 4.20 The lining material mixed with calcined coke
b) The cooling section of the coke calcination kiln should be fixed regularly because
there is no lining inside the kiln; and the inner wall of the this part can easily get
rusty and peel leading to increased Fe in calcined coke (see Figure 4.21).
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Figure 4.21 The rust mixed with the calcined coke
c) The electromagnetic iron-separator above the transportation belts should be
cleaned frequently because of the many captured iron wires coming from the raw
materials and other parts of the production (see Figures 4.22 and 4.23).
Figure 4.22 The iron-separator with lots of iron wires (before clean-up)
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Figure 4.23 The iron-separator (after clean-up)
3. Rare earth elements serve as catalysts in secondary cracking process of refining
heavy oil. Thus the rare earth elements La and Ce are the residual impurities of
petroleum coke. It was observed that the La and Ce coming from coke as well as
from butts can accumulate in anodes during the anode manufacture process. The
baked anode might contain higher La and Ce content than the raw material and
recycled butts. The presence of La and Ce increases CO2 and air reactivities of
anodes leading to increased anode consumption.
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Chapter 5
Correlation between anode formulation and anode properties
5.1 Introduction
In Chapter 4, the characterization and analysis of raw material have been discussed.
The properties of the currently used anodes were determined in order to correlate the
current anode recipe and anode properties. As shown in Chapter 4, Figure 4.19 shows the
type of coke structure found in the anode paste. This is likely to increase the porosity and
air permeability of the anode. Thus, the quantity of small particle size fraction group with
maximum particle size less than 12mm was adjusted in the paste formulation experiments
to increase the contact area of coke and pitch and to decrease the effect of coke porosity.
The correlation between anode formulation and anode properties is discussed in this
chapter.
5.2 Results
5.2.1 The results of small particle size recipes
Tables 5.1 to 5.8 present the recipes (coke particle size distribution), pitch type, and
kneading conditions used in anode formulation. As shown in these tables, the same pitch in
same quantity (15% wt) and the same kneading conditions were always used. Only the
percentage of coarse and fine particle fraction groups were changed. The formulation No 1
was taken as the reference recipe (Table 5.1). In the recipe 2, the percentage of coarse
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fraction was increased (10-6mm) and that of the fine fraction was decreased ( < 3mm). In
3rd and 4th recipes, the largest diameter size was eliminated. 8-6 mm fraction was used
instead of 10-6mm fraction. In the 3rd recipe, the same percentages as the 1st recipe were
used. The only difference was the particle size range of the coarse fraction. In the 4th recipe,
this fraction was increased wheres the fines were slightly decreased. From 5th to 8th recipe,
the coarse fraction was completely eliminated. The percent of 6-3 mm fraction was taken as
the total of 10-6 mm and 6-3 mm fractions for recipe No.7. For the others, this fraction was
either increased (recipe No.5) or decreased (recipe No.6 and 8). The balance is corrected by
adjusting the fine content.
Table 5.1 The formulation conditions for No. 1 small size recipe
































Table 5.2 The formulation conditions for No.2 small size recipe































Table 5.3 The formulation conditions for No.3 small size recipe
































Table 5.4 The formulation conditions for No.4 small size recipe





















5.5 The formulation conditions for No.5 small particle








































Table 5.6 The formulation conditions for No.6 small particle size recipe




























Table 5.7 The formulation conditions for No.7 small particle size recipe





























Table 5.8 The formulation conditions for No.8 small particle size recipe




























Table 5.9 presents the measured properties of the anodes prepared using the above
recipes. From this table, it can be clearly seen that No.4 recipe in which the maximum
particle size was 8 mm had better properties than the anodes made with the other recipes.
The air reactivity residue was higher than those of all the others with the exception of
recipe 5. The recipe 5 anodes had slightly higher residue for air reactivity; however, its CO2
reactivity residue was much lower compared to that of the No.4 recipe anode showing
higher CO2 reactivity. Also, No.4 recipe anode had the lowest permeability among others.
Thus, the No.4 recipe was chosen to improve the properties further by optimizing the
recycled butt content.
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Tables 5.10 to 5.13 show the modification of butt content (recycled coarse and
recycled fine) in small particle recipe No.4, and Table 5.14 presents the properties of the
anodes prepared with these recipes. The results of recycled butt tests showed that the
properties of the No. 11 recipe with 12% coarse recycled butt and 8% fine recycled butt
were better than the rest of the small particle size recipes since it had the highest residue for
CO2 and air reactivity tests and the lowest permeability of among the other recipes of butt
percentage adjustment (recipes 9, 10, and 12). Next, the anodes coke particle sizes were
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prepared and their properties were compared with those of the anode of No. 11 recipe. This
was carried out to verify the validity of the small particle recipe as the best one.
Table 5.10 The recycled butt test 1 of No.4 small size recipe (Recipe 9)
































Table 5.11 The recycled butt test 2 of No.4 small size recipe (Recipe 10)






















Table 5.12 The recycled butt test 3 of No.4 small












































Table 5.13 The recycled butt test 4 of No.4 small size recipe (Recipe 12)































































5.2.2 The results of big particle size recipes
Tables 5.15 to 5.17 present the recipes for big particle size formulation. In these
recipes, the coarse fraction range was 15-9 mm compared to 8-6 mm of the small particle
recipe. The quantity and type of pitch and kneading conditions were the same as the small
particle recipes. The anode properties are presented in Table 5.18. The results showed that
the properties of big particle recipes were worse than those of the small particle recipes,
especially the recipe No 11 which was the best among others. The results proved that the
use of the small particle recipe led to better quality anodes probably by improving the
wetting of coke by pitch, thus, the penetration behavior of pitch.
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Table 5.15 The formulation conditions for No.l big particle recipe































Table 5.16 The formulation conditions for No.2 big particle recipe
































Table 5.17 The formulation conditions for No.3 big particle recipe (base recipe)


























































5.3 Results of the tests on the actual production line and discussion
After testing a large number of recipe variations in the laboratory, further testing was
undertaken on the actual production line by separating the anode formulation experiments
into three groups. The properties presented below are the average values for a number of
anodes produced on the actual production line (details are not given due to confidentiality).
The three groups are:
1) The small particle group
2) The big particle group
3) Base recipe (see Table 5.17). This is the recipe which was used in the actual anode
manufacturing process before this study.
Table 5.19 shows the comparison of the properties of anode samples tested for
different groups.
























The recipe of small particle size group (Recipe No. 11) that was tested on the pilot
line shows the best results in the industry. It has been used on the actual anode paste
operation since then. This recipe was also selected to do the TGA tests which will be
presented in the next chapter. Comparing the results of small particle recipe tests and big
particle recipe tests, the correlation between the maximum particle size and the anode
properties were illustrated in the following figures.
Figures 5.1 and 5.2 show how the anode reactivity and permeability change with
maximum coke particle size. The results indicate that the 8 mm recipe resulted in better
anode properties compared to the rest of the recipes, especially Figure 5.2 shows that the air
permeability value at 8 mm is better than others. That means the 8 mm is an optimum point
of the recipe formulation. If the maximum particle is less than 8 mm, the pitch content may
need to be increased due to increased surface area; otherwise, the wetting and penetration
behavior of the binder-matrix (mixture of dust and pitch) may be affected adversely. On the
other hand, if the maximum particle size is bigger than 10 mm, there are large quantities of
pores and fissures inside the coke, this situation can increase the air permeability. Even
though the 8 mm recipe does not have the lowest air reactivity (which corresponds to the
highest residual percentage in the figure), the variation in air reactivity values is not
significant, especially when this is compared to the gain in terms of CO2 reactivity. The
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Figure 5.1 The correlation between anode reactivities and maximum particle size
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16 18
Figure 5.2 The correlation between anode air permeability and maximum particle size
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5.4 Summary
The No. 11 recipe was found to perform better than other size recipes. Because the
plant requested 15% of pitch content, the 8 mm maximum particle size was optimum for
this level of pitch. Thus, at optimum conditions, the pitch/fines binder matrix penetrates the
fissures and pores of the coarse petroleum coke particle and thinly coats the particles.
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Chapter 6
Thermogravimetric experiments and analysis of devolatilisation kinetics
6.1 Introduction
In the last two chapters, the determination of an anode recipe leading to best anode
properties was summarized. Afterwards, the anodes prepared with the best anode recipe
(recipe no. 11) were baked under different conditions and their properties were measured.
These properties were correlated with the baking conditions. The aim was to identify the
baking conditions which will improve the anode properties further. Also, the volatiles
released (tar, H2, and CH4) were analyzed and their devolatilisation kinetics were
determined. The results are presented in this chapter.
Baking experiments with the TGA facilitate the determination of the effect of baking
conditions on anode properties. The kinetic expressions obtained from the TGA analysis
make the determination of quantity, time, and temperature of volatile release in the furnace
possible. Utilisation of this information wisely can lead to not only the improvement of the
quality but also increase in the combustion efficiency of condensable (tar) and non-




The TGA and volatiles tests were carried out in the CURAL laboratory of the
University of Quebec at Chicoutimi. The TGA results are presented in Figures 6.1 and 6.2.
Table 6.1 presents the baking conditions and the measured anode properties for the five
anodes prepared using recipe 11 as well as those of the anode prepared using the base
recipe.
Figure 6.1 shows the weight loss curves of the anode samples. Anodes 1 to 4 are
baked at the same heating rate. The soaking times can't be seen on this figure since the
weight loss is plotted as a function of temperature, and there is a direct relationship
between temperature and time through the heating rate until the final baking temperature is
reached after which the soaking period starts. Therefore, the weight loss curves of anodes 1
and 3 should be the same since their final baking temperatures are the same. This is the case
as it can be seen from the figure. Slight differences can be attributed to the non-
homogeneity of the anodes. The baking temperature of anode 2 was lower whereas that of
anode 4 was higher than the other experiments. Anode 5 was baked using a lower heating
rate. The weight loss for this anode is higher at a given temperature compared to those of
the other anodes. When the anode is heated slowly, the contact time (baking time) between
the anode and the gas is longer, consequently, it loses more weight compared to the anodes
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Figure 6.1 Weight loss vs. temperature data of the anode samples
The weight loss vs. time data is presented in Figure 6.2. In this figure, the soaking
times can be seen. Weight loss for the experiment performed at a lower heating rate (anode
5) is less than the weight loss of others at a given time. The reason is that it takes longer to
reach the same temperature, and at any given time the temperature of this anode is lower
compared to the temperatures of other anodes. Anode 1 is heated to 1050°C followed by 8
hours of soaking. Anodes 1, 2, and 4 have the same soaking times. Anode 4 was heated to a
higher temperature (1150°C) which means it was heated for a longer time to reach this
temperature. When anodes 1 to 4 are compared, it can be seen that anode 4 lost more
weight. Soaking time for this anode was also 8h. The reverse is true for anode 2 which has
the lowest final temperature (950°C). Anode 3 has higher soaking time (12 h) compared to











Figure 6.2 Weight loss vs. time data of the anode samples
The carbon dioxide and air reactivities as well as the air permeabilities of baked
anodes were measured and the results are presented in Tables 6.1. The reactivities are given
as the % residue remained after the reactivity tests. Therefore, higher the residue, lower the
reactivity. Decreasing the maximum baking temperature and consequently the baking time
increased the reactivity (decreased the residue of both CO2 and air reactivity tests) and
increased the air permeability of the anodes. This shows that the anode properties
deteriorated. Increasing the soaking time had the reverse effect. Increasing maximum
baking temperature and time also improved the anode properties as expected. Increasing the
baking time by decreasing the heating rate improved the reactivity, however, worsened the
permeability of anodes. It can be seen from this table that the baking conditions influence
the CO2 reactivity more than the air reactivity. Permeability was affected most by the
baking temperature.
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First line in Table 6.1 gives the properties and the baking conditions for an anode
sample produced using a base recipe. Anode samples except anode 2 have better properties
than those of the one made with base recipe. Anodes 3 and 5 are baked with higher baking
times compared to those of others. Their properties are better than those of anode 1. Anode
4 which was heated for a longer period and to a higher temperature is better than others.
Anode 2 has the worst properties because it was heated in a shorter time and the baking
temperature was lower than those used in the other recipes. Thus, the TGA results show
that the baking time and the maximum temperature are both important for anode properties.
However, for industry, longer baking time and higher temperature mean more energy
consumption; and this would raise the production costs. In the next part, volatile analysis
results indicate how to make use of volatiles to save energy. Anode sample made with base
76
recipe was used to test the TGA system, and the volatile analysis was not done for this test;
however, the rest of the anode samples from 1 to 5 were tested for the volatiles content.
6.2.2 Volatiles analysis
If the fuel and the volatiles (tar, H2 and CH4) are burnt efficiently in the anode baking
furnace, the energy efficiency can be improved. Therefore, the information on the release of
these volatiles (quantity, time, temperature range) is very crucial for the baking furnace
performance. This information also can be used as an input in the baking furnace models.
Since their behaviour depends on the raw materials used, they have to be measured
specifically for a given anode.
The instantaneous and the cumulative amounts of H2, CH4> and tar at different
temperatures for all the baking conditions were calculated following the procedure
described in section 3.3.1 and 3.3.2 and are summarized in Table 6.2.Figures 6.3, 6.5, 6.7,
6.9, and 6.11 show the instantaneous amount of H2, CH^ and tar released while Figures 6.4,
6.6, 6.8, 6.10, and 6.12 show their cumulative amounts at different temperatures for anodes
1 to 5, respectively.
Figure 6.3 shows that there was small amount of tar coming out up to 250°C. After
that, there was a marked increase in tar content coming out of the anode sample. The
amount of tar was maximum at a temperature of about 500°C. After that, there was a
decrease in tar content and the amount of tar was negligible after a temperature of 700°C.
Thus, during the baking of green anodes, one must take special care for tar in the
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temperature range of about 350°C to 650°C. H2 was found to start evolving at around
400°C and reached a maximum at around 550°C. The rate of production of H2 was nearly
constant up to the temperature of about 700°C. After 700°C, there was a marked drop in H2
production. Thus, the energy from H2 can be utilized for baking of the green anodes at a
temperature range of 550°C to 700°C. Any additional energy used during this temperature
range will make it possible to reduce the use of external energy for baking. CH4 released
nearly at 300°C and reached a maximum at around 450°C. The rate of production of CH4
became constant at around 500°C After 550°C, the amount of CH4 gradually reduced. After
700°C, there was a sharp drop in the CH4 production. Thus, the energy from CH4 can be
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Figure 6.3 Comparison of instantaneous concentration of hydrogen, methane, tar and
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Figure 6.4 Comparison of calculated cumulative concentration of hydrogen, methane,
tar and total volatiles and experimental total volatiles for anode 1
Figure 6.5 shows that the tar came out after 200°C. As the temperature increased, the
amount of tar increased. At about 500°C, the amount of tar was maximum. After that, there
was a decrease in tar content and the amount of tar was negligible after a temperature of
700°C. Thus, during the baking of green anodes, the temperature range of about 200°C to
700°C is critical for tar. H2 release started at around 300°C and became constant at around
500°C. After 600°C, there was a big drop in H2 production. Thus, the energy from H2 can
be utilized for baking of green anodes at a temperature range of 500°C to 700°C. During
this temperature range, additional energy from H2 combustion will help reduce the use of
external energy for baking. CH4 release started nearly at 300°C and reached a maximum at
around 400°C. The rate of production of CH4 became constant up to 650°C. After 550°C,
79
the amount of CH4 released gradually reduced. After 700°C, there was negligible CH4
production. Thus, the energy from CH4 can be utilized for baking of green anodes at a
temperature range of 400°C to 650°C.
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Figure 6.5 Comparison of instantaneous concentration of hydrogen, methane, tar and
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Figure 6.6 Comparison of calculated cumulative concentration of hydrogen, methane,
tar and total volatiles and experimental total volatiles for anode 2
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Figure 6.7 shows that there was little amount of tar coming out until a temperature of
200°C. After that, there was a marked increase in tar content coming out of the anode
sample. The amount of tar was maximum at about 550°C. After that, there was a decrease
in tar content and the amount of tar was negligible after a temperature of 800°C. Thus,
during the baking of green anodes, one must take special care for tar in the temperature
range of about 200°C to 800°C. H2 was found to start evolving at around 350°C and
reached a maximum at around 550°C. The rate of production of H2 was nearly constant up
to a temperature of about 700°C. After 700°C, there was a marked drop in H2 production.
Thus, the energy from H2 can be utilized for baking of the green anodes at a temperature
range of 550°C to 700°C. The additional energy use during this temperature range will
make it possible to reduce the use of external energy for baking. CH4 released nearly at
300°C and reached a maximum at around 450°C. The rate of production of CH4 became
constant at around 500°C. After 600°C, the amount of CH4 gradually reduced. After 700°C,
there was a clear drop in CH4 production. Thus, the energy from CH4 can be utilized for the
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Figure 6.7 Comparison of instantaneous concentration of hydrogen, methane, tar and
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Figure 6.8 Comparison of calculated cumulative concentration of hydrogen, methane,
tar and total volatiles and experimental total volatiles for anode 3
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Figure 6.9 shows that the tar came out after 200°C. As the temperature increased, the
amount of tar increased. At about 550°C, the amount of tar was maximum. After that, there
was a decrease in tar evolution and the amount of tar was negligible after a temperature of
700°C. Thus, during the baking of green anodes in the temperature range of about 200°C to
700°C, special attention must be paid to tar. H2 release started at around 300°C and reached
maximum at around 500°C. After 650°C, there was a significant drop in H2 production.
Thus, the energy from H2 can be utilized for the baking of green anodes within the
temperature range of 450°C to 700°C. The additional energy use during this temperature
range will make it possible to reduce the use of external energy for baking. CH4 release
started nearly at 300°C and there was a visible peak appearing in the temperature range of
400°C to 550°C; and, in the same range, the amount of CH4 reached a maximum at around
500°C. After 550°C, the amount of CH4 gradually reduced. After 700°C, there was
negligible CH4 production. Thus, the energy from CH4 can be utilized for the baking of
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Figure 6.9 Comparison of instantaneous concentration of hydrogen, methane, tar and
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Figure 6.10 Comparison of calculated cumulative concentration of hydrogen, methane, tar
and total volatiles and experimental total volatiles for anode 4
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Figure 6.11 shows that before 200°C, there was little amount of tar coming out. After
that, a marked peak in tar content appeared in the temperature range of 200°C to 750°C.
The maximum amount of tar was reached at a temperature of about 500°C. H2 started to
evolve at around 250°C; and there were two constant rate zones for H2 production when
there was an appreciable rate of production. At first, the rate of production of H2 was nearly
constant between the range of 300°C to 500°C. After that, the rate of production increased
suddenly and remained constant in the range of 550°C to 700°C After 700°C, there was a
marked drop in H2 production. Thus the energy from H2 can be utilized for the baking of
green anodes at a temperature range of 550°C to 700°C. Though there was a constant rate
of formation of H2 in the range of 300°C to 500°C, the amount was not high enough. Thus,
during the temperature range for H2 evolution, H2 combustion will make it possible to
reduce the use of external energy for baking. CH4 is released nearly at 300°C and reached a
maximum at around 400°C After 500°C, the amount of CH4 gradually reduced. After
600°C, CH4 production became negligible. Thus the energy from CH4 can be utilized for


















200 400 600 800
Temperature (°C)
1000 1200
Figure 6.11 Comparison of instantaneous concentration of hydrogen, methane, tar
and total volatiles for anode 5
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Figure 6.12 Comparison of calculated cumulative concentration of hydrogen, methane, tar
and total volatiles and experimental total volatiles for anode 5
86
Figures 6.4, 6.6, 6.8, 6.10 and 6.12 show cumulative data for the anodes 1, 2, 3, 4,
and 5, respectively. The total weight loss was calculated as the sum of the formation of tar,
H2, and CH4. The total loss was found to be in agreement with the experimental weight loss.
The observations were found to be similar for all the test conditions. It is also clear from
the figures that the contribution in the total weight loss was the lowest for CH4 and the
highest for tar for all the cases. If the total amount of tar was compared for all the test
conditions, it was observed that the amount of tar per 100 gm of anode was nearly the same
(Table 6.2). The tendency of getting methane was more for anode 5 (Table 6.2). The
amount of H2 per 100 gm of anode was found to be markedly high also for anode 5 (Table
6.2). Thus, it was observed that amount of H2 and CH4 was more for low heating rate, but
amount of tar remained nearly the same.
Figures 6.13, 6.14 and 6.15 compare the instantaneous hydrogen, methane, and tar
concentrations, respectively, of all the baking tests.
Figure 6.13 shows the comparison of the amount of hydrogen formed at different
temperatures for the five different baking tests. It is evident from the figure that the shape
of graphs for anodes 1 to 4 is similar. However, for anode 5 for which a lower heating rate
was used, the shape of the curve is somewhat different. H2 started forming at a faster rate
earlier compared to the other test conditions. It was also observed that there were two
constant rate of formation zones for anode 5. Up to around 350°C, the amount of H2
produced was maximum during this test, but as the temperature increased the amount
released was decreased compared to those of the other anodes. The advantage was that a
steady supply of H2 can be obtained if the anodes are baked using the same conditions used
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baking anode 5. Though theoretically it is expected that the graphs for the anodes 1 to 4
would be identical, yet some differences were observed. The differences in the results for
anodes 1 to 4 are possibly due to non-homogeneity in the anode samples and difference in
temperature and soaking times.
Figure 6.14 shows the comparison of the amount of methane formed at different
temperatures for the 5 different baking tests. From the figure, it can be noted that the shape
of graphs for anodes 1 to 4 was different from that of anode 5. The temperatures at which
mathane release starts and maximum amount for CH4 obtained were advanced due to lower
heating rate. It could also be observed that the rate of formation of CH4 for anode 5
suddenly dropped and decreased faster compared to the other anodes baked with different
test conditions. Up to around 500°C, the rate of CH4 production declined gradually.
Compared to other test conditions, the amount of CH4 was less in the same temperature
range of 500°C to 700°C. The differences in the results for anodes 1 to 4 was again
possibly due to non-homogeneity in the anode samples and differences in temperature and
soaking times.
Figure 6.15 shows the comparison of the amount of tar formed at different
temperatures for the 5 different baking conditions tests. From the figure, we could see that
the peaks of graphs for all the test conditions are similar. However, in case of anode 5
where a lower heating rate was used, the area under the curve is smaller than those for the
other anodes. Tar started forming and ended nearly at the same temperature range for all
tests. The only difference that was observed is in the amount of tar production. It was also
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observed that at around 550°C the amount of tar production for all the 5 test conditions
reached maximum. Then, as the temperature was increased, there was a marked drop in tar
formation for all 5 test conditions. Thus, the advantage of test condition used for anode 5
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Figure 6.13 Comparison of instantaneous concentration of hydrogen for anode
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Figure 6.14 Comparison of instantaneous concentration of methane for anode
samples baked under five different conditions
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Figure 6.15 Comparison of instantaneous concentration of tar for anode samples
baked under five different conditions
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Table 6.2 gives the total amount of volatile components released under different
baking conditions. This table shows that there is slight increase in H2 release when the
heating rate is lower.
As it can be seen from the data, the volatile release becomes negligible after 700°C
for the anodes investigated during this study. Therefore, kinetic analysis was carried out
only for the non-isothermal part (during heating) of the curve. It excludes the isothermal
(soaking period) region. Although this analysis is empirical in nature, the rate expressions
obtained can predict the emission of volatile gas components released during baking.
Figures 6.16 and 6.17 give an example of kinetic parameter calculations.
Table 6.3 summarises the kinetic parameters for H2, CH4, and tar for all five test
conditions. As it was indicated previously, the differences between the baking conditions
for anodes 1 to 4 are the maximum temperatures and the soaking times. Therefore, the
kinetic parameters of the non-isothermal regions should be the same. This can also be seen
from the table. An average is calculated for each component for the tests carried out with
anodes 1 to 4. As it can be seen from this table, the values of activation energy and pre-
exponential constant decrease and the reaction order increases for H2, and CH4; however,
those of the condensable gas increase when heating rate is decreased. It must be noted that
the parameters are empirical. Although they are useful to calculate the amount of volatiles
released for a particular coke, it is difficult to draw conclusions on their release
mechanisms.







Figure 6.16 Conversions for hydrogen, methane and condensables for anode 1
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Figure 6.17 Determination of kinetic parameters of methane for anode 1
92























































































































6.3 Discussion of results
Thermogravimetric experiments showed that, at constant maximum baking
temperature, increasing the baking time (i.e. the heating rate is decreased) improved the
baked anode properties under the conditions used during this study. The air permeability
value decreased and CO2 and air reactivity values decreased (percent residuals increased).
Thus, from the results of the anode baking, it was found that the two most important baking
parameters are baking time (heating rate) and maximum baking temperature. The anode
properties seem to improve with increasing total baking time (decreasing heating rate) and
maximum baking temperature. However, there are also two factors that need to be taken
into account. They are the anode overbaking and the prodution cost. Therefore, anode 4
(see Table 6.1) baked using the highest maximum temperature and regular baking time had
the best properites. In addition, the high temperature is also good for volatile combustion. It
can be said that within thermogravimetric experiments, a balance of baking and cost was
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found not only to improve the properties but also to avoid overbaking and to keep the
baking time in an acceptable range.
On the other hand, the knowledge on the release of pitch volatiles forms the basis of
energy efficiency improvement in the anode baking process. If the volatiles can be burnt as
much as possible within the heating section in the baking furnace, the cost of the energy
can be reduced by reducing the fuel. This information also can be used as an input in the
baking furnace models. Since their behaviour depends on the raw materials used, they have
to be measured specifically for a given anode.
For the experiments for which similar baking conditions were used, the kinetic
parameters of the non-isothermal regions are similar. The slight differences are due to
different maximum temperatures and soaking times used as well as the non homogeneous
nature of anode samples. However, when a lower heating rate was used (anode 5) for the
baking, H2 forms at a faster rate at lower temperatures compared to the other anodes. Two
constant-rate H2 formation zones were observed. When low heating rate was used, CH4
evolves also at lower temperatures. Then, its concentration suddenly drops and decreases
faster compared to the other anodes. Tar seems least affected by the change in heating rate.
However, the total amount of tar released (the area under the curve) is smaller if a lower
heating rate is used. One reason might be that, at lower heating rate, there is more time for
condensable gas to crack.
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Kinetic data obtained is useful for predicting the amount, time, and temperature of
volatiles. This information can be used to wisely control the combustion of volatiles in the
baking furnace and save energy.
6.4 Summary
In this chapter, the baking conditions resulting in improved anode properties were
determined. Increasing maximum baking temperature and decreasing baking time (i.e.
lowering heating rate) improves the properties. However, optimization is necessary in order
to avoid high baking costs and overbaking.
The hydrogen, methane, and tar could be utilized as a source of energy during baking
by burning them in air within the flue. Thus, the proper combustion of volatiles can reduce
the baking cost. However, this requires some feedback mechanisms and may lead to some





In this thesis, a small particle recipe (#11) was developed. This composition gave
better results compared to those of the base recipe. The anodes with the new composition
had less tendency to react with CO2 and air. Keeping the total baking time constant, when
the maximum baking temperature was increased, it was observed that there was
improvement in baked anode properties for the samples studied. The air permeability and
the CO2 and air reactivity values decreased (percent residues increased). Thus, the anodes
with a higher maximum baking temperature (for the same total baking time) had less
tendency to react with CO2 and air under our test conditions. With TGA, it was observed
that the rate of formation of tar was less for lower heating rate.
With TGA, it was observed that the rate of formation of CH4 was high at lower
heating rate. It was also observed that most of the CH4 was formed at an early temperature
range when compared with the results of those at higher heating rate.
Again with TGA, it was observed that the rate of devolatilization of H2 was less at
lower heating rate. But the total amount of hydrogen per 100 gm of sample was found to be
more for lower heating rate compared to the results of anodes baked under other conditions.
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The average percentage of total weight loss of those 4 tests with the heating rate of
17.5°C/h was 6.74%. Within the total weight loss, the percentage of hydrogen was around
25% in the total volatile components, the percentage of methane was around 8% in the total
volatile components and the percentage of tar was around 67% in the total volatile
components.
The percentage of total weight loss of anode 5 with the heating rate of 10°C/h was
7.69%. Within the total weight loss, the percentage of hydrogen was 33% in the total
volatile components, the percentage of methane was around 9% in the total volatile
components, and the percentage of tar was around 58% in the total volatile components.
Thus the significant advantage of using lower heating rate was availability of more H2 and
less tar.
For the same maximum baking temperature, when the total baking time was
increased (i.e. the heating rate is decreased), it was observed that there was improvement in
baked anode properties for the samples studied. The air permeability decreased, and CO2
reactivity and air reactivity residues increased. However, the increase in total baking time
means increased cost. For the same total baking time, when the maximum baking
temperature was increased, it was found that there was improvement in baked anode
properties for the samples studied. The air permeability value decreased, and % CO2
reactivity and air reactivity residues increased. Although baking parameters affect the
reactivity and permeability of anodes, it seems that they influence the CO2 reactivity more
than the air reactivity. Permeability was affected most by the baking temperature. It can be
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said that the best conditions for the baking were thus found to be the highest possible
maximum baking temperature and increased baking time
The hydrogen, methane, and tar could be utilized as a source of energy during baking
by burning them in air within the flue. Thus proper utilization of the volatiles can reduce
the baking cost. The proper utilization of the volatile combustion requires some feedback
mechanisms and some changes in the baking furnace design and firing technique.
7.2 Recommendations
Further studies could be undertaken on the recipe formulation in order to further
improve the anode properties by varying dry aggregate composition as well as pitch.
The percentage of tar is high in the anode baking volatile components. It would be
interesting to study the correlation between the baking conditions and the efficiency of tar
burn in order to improve further the energy saving and more environment-friendly
production in the baking process.
Measurements in the baking furnace could help quantify the benefits of better volatile
combustion by determining the efficiencies under different burning profiles.
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Appendix A
Condensation of tar in TGA-GC system
A successful condensation of the condensable pitch volatiles is one of the key points
during baking process using by TGA-GC system. The condensable part of pitch volatiles
may stick to the tubes, pipes, and rotameters of TGA and GC. This might block the
connections between TGA and GC and cause the suction of the pump to drop and stop the
flow of the sampling gas. Thus, the condensation system needs to be operated properly.
Figure A. 1 and Figure A.2 show the design of the condensation system and the cooling
system.
Figure A. 1 Condensation system
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Figure A.2 Cooling system
Figure A.l shows the condensation system, a big bottle connected to two coupled
condensers. Figure A.2 shows the condensation system set-up in the cooling system.
Cooling is achieved by the recycling cold water with a temperature of less than 4°C in the
blue container. The hot gases are kept at high temperature till they enter the bottle A to
avoid any condensation. The condensation takes place in coupled bottles A and B. Then,
the non-condensable gases (H2 and CH4) pass through C almost without any condensation.
The bottles need to be cleaned up during experiment.
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Appendix B
The Gas Chromotograph (Varian CP 3380)
The coupling between the TGA and GC was already discussed in Chapter 3.
Figure B.I shows further details of the gas chromotograph operation and various gas
flow configurations. The carrier gas was nitrogen. The valve was operated using
compressed air. The figure shows the fill state and the inject state of the valve. At the
fill state of valve, the carrier gas with the sample gas flows directly into the column. In
this case, the injector type 1061 was used for testing gases. The column was 13X
molecular sieve. This type of column can separate hydrogen and methane. Column first
adsorbes all gases and then desorbes each component separately. The concentration is
determined by comparing the thermal conductivity of the sample gas containing carrier
gas with that of the reference gas (carrier gas nitrogen) in the detector. The Wheatstone
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Figure C.I A schematic diagram of the thermogravimetric analyser coupled with the gas
chromotograph
Figure C.I shows a schematic diagram of the overall system of the thermogravimetric
analyser coupled with the gas chromotograph. A more detailed figure was also presented in
Chapter 3 (Figure 3.12). A part of the outlet gas is withdrawn for analysis. This gas first
I l l
passes through an ice bath to collect the condensable gas. Then, its methane and hydrogen
content is analysed using a gas chromatograph (Varian CP 3380) equipped with a thermal
conductivity detector. The detector response is calibrated for methane, hydrogen, and
oxygen using calibration gases of known concentrations. Data on oxygen was used to
detect if there is any air leak on the line and to correct the gas concentration if necessary.
